Surface-enhanced Raman spectroscopy (SERS) is highly dependent upon the substrate, where excitation of the localized metal surface plasmon resonance enhances the vibrational scattering signal of proximate analyte molecules. This article reviews recent progress in the fabrication of SERS substrates and the requirements for characterization of plasmonic materials as SERS platforms. We discuss bottom-up fabrication of SERS substrates and illustrate the advantages of rational control of metallic nanoparticle synthesis and assembly for hot spot creation. We also detail top-down methods, including nanosphere lithography for the preparation of tunable, highly sensitive, and robust substrates, as well as the unique bene ts of tip-enhanced Raman spectroscopy for simultaneous acquisition of molecular vibrational information and high spatial resolution imaging. Finally, we discuss future prospects and challenges in SERS, including the development of surface-enhanced femtosecond stimulated Raman spectroscopy, micro uidics with SERS, creating highly reproducible substrates, and the need for reliable characterization of substrates.
Introduction
Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive vibrational spectroscopy that allows for the detection of analytes at extremely low concentrations. 1 -6 In SERS, the Raman signal of the probe molecule is amplifi ed through excitation of localized surface plasmon resonances (LSPR) of the substrate, usually in the form of metal particles or a roughened metal fi lm. Consequently, the magnitude of SERS enhancement is crucially dependent upon the SERS substrate. Many years of research have been devoted to creating and optimizing SERS substrates in order to provide the largest enhancements possible. 1 , 7 -9 The fundamental metric for SERS activity is the enhancement factor (EF), which quantifi es the increase in signal intensity (counts s -1 mW -1 ) per molecule. Commonly, EFs range from 10 3 -10 7 , with a few highly enhancing substrates achieving EFs >10 8 . 9 -11 Over time, SERS substrates have had many iterations and forms, beginning with roughened silver electrodes, 12 then moving onto silver and gold colloids. 13 , 14 Later, as the SERS research community continued to grow, metal fi lms with various thicknesses and nanostructured features were investigated as possible substrates. 14 -17 More recently, combinations of both colloidal and fi lm fabrication strategies have been developed to form SERS substrates. 4 , 5 , 7 , 9 , 18 -20 Comparison of various SERS substrates is challenging because rigorous characterization of substrates is frequently overlooked for reasons of complexity. This prevents the determination of analytical parameters such as sensitivity and reproducibility. When classifying a material as a reliable, highly enhancing SERS substrate, several factors need to be taken into consideration. 6 First, an extinction or scattering spectrum of the substrate must be acquired and the LSPR modes identifi ed. Second, SERS spectra should be collected for non-resonant molecules to verify that the enhancement is not being amplifi ed by a resonance Raman effect, which can increase overall enhancement by 10 3 -10 6 . 21 Third, thorough structural characterization of the substrate should be performed either by transmission electron microscopy (TEM), scanning electron microscopy (SEM), or other techniques (atomic force microscopy [AFM] , scanning tunneling microscopy [STM] , near-fi eld scanning optical microscopy, electron energy-loss spectroscopy) and correlated with SERS measurements and theory. As a corollary, it is useful to develop collaborations with theoreticians to establish agreement between theory and experimental work and expand the understanding of underlying physical phenomena. Finally, a methodology must be developed to determine the Raman probe coverage on the surface and to calculate the substrate EF. 9 -11 The fulfi llment of these guidelines allows for a material to be established as a well-characterized SERS substrate. Since there is extended literature on plasmonic materials for SERS applications, 1 , 7 , 9 , 22 in this article, we focus on three representative examples of SERS substrates recently highlighted by the Van Duyne group at Northwestern University that are robust and exhibit high EFs.
We present an overview of colloidal nanoparticle systems, discussing nanoparticles produced by bottom-up methods in which small building units are used to fabricate a hierarchical structure, 23 emphasizing the impact of bottom-up approaches on SERS substrate evolution. More precisely, bottom-up approaches are common in colloidal science for rationally designed synthesis 7 and assembly 22 , 24 -27 of nanoparticles. The control achievable by bottom-up techniques in the size, 7 , 28 shape, 29 -36 and composition 37 -42 of metallic nanoparticles, as well as their organization in clusters 24 , 43 , 44 or interfaces 4 , 45 to create high local electromagnetic (EM) fi eld enhancement or "hot spots" are particularly relevant for SERS. 9 , 46 , 47 We next briefl y introduce top-down synthetic methods that involve direct fabrication of small features on a large area supported by various techniques, such as lithography, fi lm deposition, and laser and mechanical processing. 22 , 23 We then discuss three substrates recently highlighted in our lab as representative examples: top-down fabricated immobilized nanorod assemblies (INRA) substrates, a specifi c type of metal fi lm over nanosphere substrate; commercially produced silica-encapsulated nanoparticle aggregates that are synthesized using bottom-up approaches; and top-down modifi ed STM or AFM tips used for tip-enhanced Raman spectroscopy (TERS). The INRA substrates and nanoantennas are both highly robust and achieve high EFs (>10 8 ), while the TERS tips achieve EFs ∼ 10 6 and permit both spectral and spatial characterization of the Raman probe molecules. Finally, we conclude with a discussion on future prospects and new applications for SERS substrates.
Synthesis methods
Bottom-up synthesis methods for nanoparticles involve creating larger systems from smaller units, including atoms, molecules, polymers, and/or nanoparticles. Some techniques used are chemical synthesis, laser trapping, self-assembly, and colloidal aggregation. 9 , 22 , 23 In this section, we fi rst provide an overview of recent developments in nanoparticle synthesis and assembly for SERS applications based on bottom-up methods; then we briefl y introduce top-down methods.
The goal of designing SERS substrates is to make them highly reproducible and to optimize the structure for the largest enhancement of the EM fi eld. Higher EFs are expected for silver-based substrates compared with other metals due to the dielectric function of silver, which restricts interband transitions to the UV region, minimizing plasmon resonance damping. 38 Regardless, both gold and silver have been extensively used for SERS substrates. Historically, the synthesis of chemically stable silver nanoparticles with high size and shape tunability, as well as monodispersity, has been more arduous than for gold. During the last few years, silver and gold nanoparticles have been prepared in very diverse shapes, including spheres, 14 , 48 -50 cubes, 51 , 52 tetrahedra, 53 bipyramids, 31 , 32 , 54 decahedra, 55 prisms, 56 -58 nanorods and wires, 28 , 33 nanoshells, 29 stars, 34 , 59 laces, 36 and other polyhedral shapes 30 -32 , 35 , 51 , 60 , 61 ( Figure 1 ). Among these, highly faceted particles 7 , 20 , 32 , 35 , 51 , 57 are particularly important for the goal of achieving SERS with single particles, since the strategic presence of edges and tips can concentrate the electromagnetic fi eld onto specifi c regions of the nanoparticle surface, 1 , 5 , 51 and the EF can reach values of approximately 10 10 . 5 Before the synthesis of these nanoparticles with sharp features, the highest measured EF of a single Au nanoparticle was 10 4 . 62 In addition to tuning the nanoparticle composition, size, and shape, bottom-up approaches also permit fi ne manipulation of the interparticle distance, making it easier to create hot spots (i.e., the intersection or close interaction of two or more plasmonic objects where the distance between objects is on the nm-scale). Hot spots are localized regions of highly concentrated EM fi elds that give rise to the enhancement of the Raman signal in SERS. The hot spot phenomenon is a complex subject that has been reviewed in detail elsewhere. 9 Generally, nanoparticle assemblies are driven by chemical or physical forces between nanoparticles or between the nanoparticle and a substrate. 22 , 24 -27 When the assembly is chemically driven, the linking molecules or macromolecules often possess specifi c functional groups such as thiols, 63 amino-, and/or carboxylic acids, 64 as in the case of engineered polypeptides and nucleic acids. 43 , 65 There is extensive literature on SERS substrates assembled by chemical interactions that is outside the scope of this work; however, we highlight a few examples here. Whitmore et al . showed that they could form controlled dimers using a dye linker between two silver nanoparticles, ensuring the dye molecule (the probe in this example) is located in the hot spot. 63 Additionally, Chen et al. clearly showed different enhancing properties in the SERS spectra of separate dimer and trimer geometries and indicated the importance of sample purifi cation. 44 The Lazarides group illustrated the advantages of DNA hybridization for well-controlled assemblies in core-satellite structures. 66 Finally, the robustness and convenience of coating nanoparticles was demonstrated in single shell-isolated nanoparticle-enhanced Raman spectroscopy and assembled particles. 10 , 18 For physically driven assemblies, the hydrophobicity/ hydrophilicity balance and/or magnetic and electrostatic interactions play a key role. These assemblies can be triggered by external stimuli such as pressure, 4 ionic strength, 43 , 44 pH or temperature, 40 electric 67 or magnetic 39 -41 fi elds, or convective forces while drying. 68 Examples of nanoparticle clusters prepared by tuning the hydrophobicity/hydrophilicity balance include those where the water:organic solvent ratio is varied, such as in the fabrication of vesicles from amphiphilic polymers; 25 aggregates from nanoparticles functionalized with thiolated polymers; 69 assemblies triggered between two liquid phases; or microemulsions. 22 , 24 -27 All of these particles are attractive candidates as SERS substrates because they contain stabilizing agents, which are usually organic molecules that can act as a partitioning layer, increasing the Raman probe concentration close to the metal surface. 70 Although the accurate quantifi cation of the number of molecules being probed is diffi cult, particularly for diffusing Raman probe molecules, a lower limit estimation of the EF, obtained by assuming a monolayer of the Raman probe molecules, is appropriate for substrate comparison. 9 , 71 This can be achieved by estimating maximum surface coverage based on packing density from molecular geometry calculations. 72 , 73 This also highlights the need for high fi delity structural information relating to surface area.
From an analytical point of view, the quantifi cation of Raman probes at very low concentrations (<10 -8 M) has been widely achieved in simple matrices 2 , 3 and complex media, such as biological fl uids, where other metabolites could interfere. 1 Interesting bottom-up strategies applied to achieve the ultimate limits of detection include the concentration of nanoparticles by a magnetic fi eld 39 , 41 and trapping of the Raman probe molecules through polymer shrinkage. 40 When seeking highly reproducible substrates, common approaches include electrostatic driven assembly of metallic nanoparticles over micronsized beads, 1 as well as assemblies driven by drying forces over lithographed substrates-combining bottom-up and top-down techniques. 9 , 22 Top-down synthetic techniques are used to modify larger structures through milling, etching, or molding into smaller substrate components. 9 , 15 , 16 , 22 , 23 In particular, lithography has been widely used in top-down synthesis for industrial purposes due to a high degree of reproducibility and the possibility of large-scale fabrication. Disadvantages related to top-down techniques include high cost, low throughput, low areal density, and limited spatial resolution below a few nanometers. Presently, however, the disadvantage of limited spatial resolution has been overcome by performing sequential deposition of a metal and a spacer.
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SERS substrates
As both bottom-up and top-down synthesis methods have their advantages and disadvantages, we discuss three substrates used in our group as representative examples that were synthesized using both methods. We have demonstrated that the top-down synthesized INRA substrates and the bottom-up commercially produced silica-encapsulated nanoantennas are both extremely robust substrates that result in high EFs. We also discuss nanofeatured AFM or STM tips used in TERS that are synthesized using top-down methods.
INRA substrates
To achieve reliable quantitation on large-area SERS substrates, one should strive to fulfi ll the following specifi c criteria:
• Predictable and reproducible SERS enhancements, • LSPR tunability for optimization at any wavelength, and • Large-area uniformity. INRA substrates are strong candidates for fulfi lling the above requirements. They consist of a metal fi lm deposited on a closepacked array of either polystyrene or silica nanospheres. The surface of the metal fi lm forms a forest of radial nanopillars protruding from the underlying base of nanospheres and has demonstrated uniformity on the inch scale. 11 Additionally, the location of the nanopillars at the sphere junctions provides tunable SERS hot spots.
Recent work in our group has investigated the SERS EF of silver INRA (AgINRA) substrates as a function of both the LSPR spectral location ( ∼ 350 nm-1900 nm) and the input laser wavelength (633 nm-1064 nm) using plasmon-sampled surface-enhanced Raman excitation spectroscopy (PS-SERES). 74 In PS-SERES, the LSPR position of the SERS substrate is tuned across the visible and near-infrared regions, while the SERS signal is measured and quantifi ed at a fi xed Raman excitation wavelength using the non-resonant benzenethiol molecule as the probe analyte. The LSPR positions of the INRA substrates are controlled by the size of the spheres (inset in Figure 2 b ).
Tuning the LSPR in this manner allowed interrogation of the electromagnetic (EM) enhancement effect as a function of LSPR maximum (LSPR max ) separation ( ∆ λ ) from the ideal EM-predicted spectral wavelength ( λ max , see Figure 2a ).
The EM contribution to the SERS mechanism is optimized on this type of broad plasmon resonance substrate when the LSPR providing the enhancement lies between the excitation wavelength and the chosen Raman scattered photon wavelength (i.e., by minimizing the value of ∆ λ in Figure 2a ), because both incident and scattered fi elds are enhanced. 79 , 80 Figure 2a shows an example at λ exc = 785 nm. Outgoing photons associated with stretches in the 1000-1600 cm -1 frequency region are located at 851-898 nm in this scenario. Therefore, maximum SERS enhancement is predicted with a λ max of 818-841 nm.
Average SERS enhancements were reported for each substrate with three different excitation wavelengths (see Figure 2b ) . These PS-SERES results show SERS enhancement reaches a maximum to the red of the excitation source, similar to those previously reported using wavelength-scanned SERS measurements. 75 Also, as the plasmon resonance was excited further to the red, the EF increases going from the visible to NIR, reaching an average EF measured with a 1064 nm excitation of 1.0 × 10 8 . This result is among the highest EFs measured on this type of two-dimensional, immobilized SERS substrate to date and refl ects advances made in substrate optimization and uniformity at the 100 µ m scale. The signifi cant increase in EF with 1064 nm excitation occurs concurrently with a decrease in the Raman cross-section of benzenethiol at this excitation wavelength. EF is a fundamental property of the SERS substrate, allowing for it to rise even though the Raman cross-section and overall signal intensity may drop.
The increase in the EF as the measurements approach the infrared can be explained using the generic plasmon quality factor:
where ε r and ε i are the real and imaginary parts of the frequencydependent dielectric function of silver, respectively. Q SPP describes the level of fi eld confi nement in nanoparticle systems where anisotropy allows for plasmon-induced charges to be spatially separated, as is the case when considering AgINRA nanopillars. In the EM mechanism for SERS, the EF is related to the fourth power of the electric fi eld ( E 4 ), which is proportional to Q SPP 2 when the system is on resonance. The correlation between the EF and Q SPP 2 includes a geometry dependent pre-factor determined via an empirical fi t to be ∼ 10.5 for the INRA substrates. Figure 3 shows that Q SPP 2 was in excellent agreement with the measured EFs at the three wavelengths considered. Further, the quality factor plot suggests that the EF will continue to rise at even longer excitation wavelengths than those studied in this work. 74 This work demonstrates the high-quality performance of large-area, broad-plasmon substrates on large ensembles of non-resonant surface-bound molecules. It conveys empirical observations useful in analytical chemistry applications: (1) Higher EFs are observed as experiments are tuned to the red; and (2) optimal enhancement is expected when broad LSPR profi les lie between the incoming and outgoing photon wavelengths.
Nanoantennas
Similar to the INRA substrates, SERS nanoantennas also have higher EFs as excitation wavelengths move to the red; they differ, however, in that the optimal enhancement does not occur when the LSPR profi le lies between the incoming and outgoing photons. Before we discuss this discrepancy between the two substrates, we describe the synthesis of and recent experiments with nanoantennas.
SERS nanoantennas, while not as broadly applicable as INRA substrates, are useful in specifi c applications, such as authenticity markers in luxury goods 6 and in in vivo biological imaging applications. 78 They are bottom-up synthesized nanoparticles, similar to the colloidal systems described previously, which have many benefi ts relating to detection as well as fundamental structure-function studies. However, nanoparticles in solution can degrade and change shape over time or with intense laser exposure, potentially affecting the electric fi eld enhancement. Therefore, there is a signifi cant need for "stabilized" colloidal systems. Strategies are being developed to stabilize the structures with a rigid and potentially permeable encasement. Encapsulated systems withstand higher laser fl uences 79 produced by ultrafast lasers and also preserve their shape during post-synthetic purifi cation processes. 80 Coating the nanoparticles with a dielectric material, often silica, provides a rigid outer layer, preserving the nanoparticle structure and potentially increasing the laser damage threshold of adsorbed dyes. Here, we discuss how commercially produced silica-coated nanoparticle aggregates (Cabot Security Materials, Mountain View, CA), which we will refer to as "nanoantennas," have been used and studied for both applications-oriented experiments, as well as probes for the delicate interplay between the structure, SERS response, and optical properties of plasmonic materials.
It has become widely accepted that the largest SERS enhancements arise from systems that contain hot spots.
9 , 81 A common and easily understandable route to produce hot spots from colloidal systems starts with the growth of individual nanoparticles either by a seed-mediated or one-pot method. At this point in the synthesis, nanoparticles are discrete and often capped with stabilizing surfactants. The next task is to aggregate the nanoparticles by a variety of chemical or physical methods ( vide supra ). An encapsulation step then freezes the aggregation process. Single nanoparticles, or monomers, that have not yet associated will coexist with larger clustered aggregates of two or more individual particles. Single nanoparticles-especially spherical ones-cannot support a hot spot and exhibit lower EFs than aggregates of two or more nanoparticles. 62 Accordingly, a separation method for obtaining a sample enriched in aggregates with non-monomeric species was created. 80 By centrifuging the nanoantennas in a high-viscosity density gradient medium, the Hersam and Van Duyne groups have demonstrated effi cient separation of monomers from an as-synthesized mixture of nanoantennas. 80 The fi rst fraction isolated using centrifugation contained nearly 97% monomers. The subsequent fractions had signifi cantly more higher-order aggregates and also demonstrated increased SERS activity per unit volume of sample. This simple process can be applied to nanoantennas before integration into detection and authentication platforms, ensuring the sample will have the highest SERS activity while preserving the probe molecule and underlying aggregate structure. Now that we have illustrated how to extract the best nanoantennas from a synthetic mixture, the focus turns to which wavelength is best for probing a heterogeneous set of nanoantennas.
Recent computational analysis has suggested that nearinfrared wavelengths may provide the most intense response for aggregates of Au nanoparticles. 82 , 83 McMahon et al. suggested that when two particles are in contact with one another, the crevice is an extremely sharp feature that can highly concentrate NIR excitation wavelengths, resulting in huge SERS enhancement. 82 Additionally, for spheroidal particles that touch only at one point (not coalesced), this crevice region is accessible to probe molecules, resulting in the largest SERS EFs. To examine this phenomenon, we recently conducted a correlated SERES-LSPR-TEM study on Au nanoantennas of various sizes, ranging from dimers to undecamers, employing eight Raman excitation wavelengths between 575 nm and 870 nm. 10 We found that the maximum SERS enhancement occurs for excitation wavelengths between 785 nm and 870 nm, regardless of the LSPR scattering spectrum of the individual nanoantenna. Figure 4 demonstrates this example for a nanoantenna trimer, a basic hot spot-containing system. In this fi gure, the top panel shows the experimental result, that the maximum EF (blue line) occurs for λ exc = 830 nm, whereas there are two maxima in the LSPR spectrum (LSPR max ) occurring at 580 and 705 nm. Theoretical modeling confi rms the experimental result in the bottom panel, with the total extinction decomposed into scattering and absorption contributions. On the single nanoaggregate level, the fourth power of the surface averaged electric fi eld strength (which is directly proportional to the SERS enhancement) does not correlate well with the far-fi eld scattering properties (LSPR max ) of a particle nanoantenna. This consideration is highly relevant for the incorporation and optimal use of nanoantenna particles for methods of analysis and authentication. The dielectric shell provides structural stability, and this recent work demonstrates how to best utilize the optical properties of these robust materials.
INRA versus nanoantennas
Both INRA substrates and nanoantennas demonstrate higher EFs as the excitation wavelength moves to the red, but they exhibit vastly different behavior with respect to the relationship between LSPR max and the wavelength corresponding to maximal SERS enhancement. To clearly explain this difference, we include in the discussion substrates previously used in our group: Ag triangular nanoparticle arrays fabricated by nanosphere lithography (NSL). These NSL arrays were examined using both wavelength-scanned SERES 75 and PS-SERES, 84 and it was determined that the maximal SERS EFs for these substrates always occurs when the LSPR max lies to the red of the excitation. These substrates exhibit weak plasmonic coupling due to gaps between the triangular nanofeatures and distances of ∼ 200 nm between the triangles in the array. On the contrary, in the nanoantennas discussed previously, the spacing between particles is signifi cantly smaller (<1 nm), and therefore the localized surface plasmon modes are strongly coupled. The INRA substrates fall in between the NSL arrays and nanoantennas in terms of coupling; they possess a range of coupling strengths in and around the support-sphere junctions. Therefore, they have high EFs similar to the nanoantennas, but the relationship between LSPR max and laser excitation and Raman scattering is correlated, similar to the NSL arrays.
The reason that the LSPR max does not correlate well with the maximum enhancement for the nanoantennas is twofold. Primarily, the discreteness of the nanoantenna geometry allows for interference between plasmonic modes, causing dips in the far-fi eld scattering spectrum (as shown in Figure 4a ) . Secondly, the coupling strength of the plasmonic modes of the nanoantenna is very strong, which allows the system to present the highly confi ned near-fi elds necessary for SERS, even though the absorption cross-section (at the relevant wavelengths) is not large (see Figure 4b ) . Figure 5 shows the calculated fi elds for the nanoantennas and INRA substrates, where the difference between the hot spots of the two substrates is illustrated. The fi elds around the nanoantennas ( Figure 5a ) are localized between the discrete nanoparticles, whereas the fi elds around the INRA substrates ( Figure 5b ) are localized to the junctions between the nanosphere support structures and involve many nanorods per support sphere, each with varying nearest neighbor gaps, and there are several support spheres in the excitation beam. Any interference effects in the latter case average out due to the range of coupling strengths and mode symmetries. We therefore attribute differences in the features of the enhancement and LSPR between classes of substrates to symmetry effects and differences in plasmonic coupling strength.
For near-term commercialization of SERS as a detection platform, substrates that fulfi ll the requirements mentioned at the beginning of this section are highly desirable. INRA substrates fulfi ll all of these requirements and are the most adaptable for a variety of experimental conditions. For a more fundamental understanding of single molecule-substrate interactions, however, a locally confi ned technique such as TERS is well suited. TERS is particularly useful since the creation and annihilation of the hot spot is controlled on-demand, with simultaneous monitoring of topographic features.
Tip-enhanced Raman spectroscopy
TERS is a powerful technique that combines the molecular vibrational information from SERS with the high spatial (nm to sub-nm) resolution and imaging capabilities of STM, AFM, or shear force microscopy. 85 -87 TERS interrogates plasmonic hot spots generated by a laser incident on a noble metal tip (usually Au or Ag), thereby probing molecules adsorbed to a substrate (often also a noble metal, although other substrates have been examined 88 ). The advantage of TERS over SERS is that instead of probing several hot spots, TERS probes just the hot spot created between the tip and substrate. This limits the probe volume and allows for a more accurate calculation of the EF. For TERS, EFs due to the EM mechanism are typically EF EM ∼ 10 6 -10 7 .
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Several factors affect the EFs and spatial resolution obtained with TERS, the most important being the tip shape and radius of curvature. 86 The two most common methods of tip preparation are electrochemical etching, used with STM-based systems, and metal deposition on commercially available AFM tips.
In electrochemical etching, a thin metal wire (Au or Ag) is positioned at the surface of an etching solution, either HCl or HClO 4 , along with a Pt ring that serves as the counter electrode, across which a constant voltage is applied. 85 , 88 -90 Electrochemical etching is an appealing technique because it results in the fabrication of very sharp tips, thus high EFs and high spatial resolution, at a low cost. 87 The disadvantages of electrochemical etching include diffi culty in controlling tip quality, poor reproducibility, and lack of scalability. To coat commercial AFM tips, a thin fi lm ( ∼ 20 nm) of Ag or Au is evaporated onto the tip. This technique is easily scaled up for production of large quantities; however, the deposited metal on the tip increases the radius of curvature of the tip, which can decrease enhancement and spatial resolution. 87 The additional weight from the extra metal on the tip can also affect the AFM cantilever adversely. 85 Recently, we used electrochemically etched Ag STM tips to investigate single molecules of Rhodamine 6G (R6G) using an isotopologue approach (deuterated versus non-deuterated samples) under ambient conditions. 90 Calculation of the probe volume of the tip-sample junction allowed for the accurate determination of EF EM ∼ 10 6 for this ambient STM-TERS system. In addition to TERS performed in ambient conditions, it is also possible to measure STM-TERS under ultrahigh vacuum (UHV) conditions. Steidtner and Pettinger 91 fi rst demonstrated concurrent STM imaging with TER spectra under UHV using a gold STM tip to examine single molecules of brilliant cresyl blue. They found that they were able to achieve 15 nm resolution and EF ∼ 10 6 . Through development of a UHV-TERS system that allows for preparation of samples within the UHV chamber, greatly reducing contamination, we probed copper phthalocyanine molecules adsorbed on a Ag (111) substrate with a Ag STM tip and determined a lower limit calculation of EF to be 7.1 × 10 5 ( Figure 6 ). 89 With continued development of TERS tips and substrates, TERS has a promising future, especially in the areas of catalysis, electron transfer, and understanding of systems on the single molecule level.
Future prospects
Advancements made in the controlled design of plasmonic materials, particularly in the engineering of highly enhancing EM hot spot regions, enable the use of SERS in a variety of applications, including medicine and sensing. Both topdown and bottom-up approaches to fabricate highly enhancing SERS substrates have led to signifi cant increases in the sensitivity, stability, and, most importantly, reproducibility of SERS measurements. However, challenges still exist in the fi eld of SERS substrate development. There is a signifi cant need for reliable characterization of the numerous substrates demonstrated in the literature. 9 Only through a comprehensive evaluation of the EFs and total signal generation can substrates be rigorously compared and used appropriately for a range of applications. Some of the examples described in detail, in particular the nanoantenna colloids and the two-dimensional INRA samples, have been thoroughly characterized and are ideal for a range of applications. 11 For the nanoantennas, the highly enhancing elds are concentrated to the small (<1 nm) gaps between the particles. In the INRA substrates, the pillars localize the electric eld to the gaps between particles as well as the tips of the pillars. E inc , incident electric eld. The recent development of highly robust and hot spot-rich colloidal nanoantenna samples has enabled the exciting use of plasmonic materials in ultrafast spectroscopy. The combination of SERS with a time-resolved Raman technique known as femtosecond stimulated Raman spectroscopy (FSRS) 92 , 93 was facilitated by the hot spot-rich colloidal nanoantennas, which are robust enough to survive the intense peak powers of femtosecond laser pulses. This unique combination of plasmonics and ultrafast science resulted in the creation of a technique we called surface-enhanced femtosecond stimulated Raman spectroscopy (SE-FSRS), 79 which has enabled the study of molecule-plasmon coupling and dynamics. 94 The SE-FSRS technique will also facilitate time-resolved studies of molecular dynamics occurring on or near plasmonic substrates, with the goal of determining how the highly concentrated electron densities of plasmons affect the mechanism and rate of chemical reaction dynamics. Further investigation into the mechanism of enhancement and degradation, as well as the applicability of various plasmonic substrates for SE-FSRS, is currently under way. It is essential for future ultrafast SERS studies to develop other plasmonic samples that do not melt or degrade under intense pulsed laser irradiation.
In the fi eld of TERS, several groups are investigating the use of more highly engineered tip substrates for reproducible TERS measurements. Possible avenues include directed assembly of strongly enhancing particles onto an electrochemically etched tip or the use of advanced lithographic techniques for highly controlled tip substrates. 95 A current goal in the fi eld of TERS is to develop tips with consistent enhancement, leading to better characterization of the EF in TERS under various experimental conditions and enabling more routine use in characterizing structural composition in a variety of materials.
Additional directions in the area of SERS sensing include integration of well-characterized SERS substrates into microfl uidic channels 96 , 97 in order to develop lab-on-a-chip devices capable of sensing with high sensitivity and chemical specifi city. Substrates used in these applications must have highly reproducible EFs or use internal standards in order to correctly quantify analyte concentrations. A particular challenge is to optimize fabrication of partition layers for sensing a targeted range of molecules, allowing for a broad spectrum of chemicals to be detected simultaneously. Additionally, the development of reusable substrates, in which analytes can be controllably desorbed (and resorbed) from (to) the surface, would allow for greater applicability of SERS in a variety of sensing applications.
Conclusions
SERS is a versatile technique that can address fundamental scientifi c questions and technological problems; and in all cases, the substrate is a critical component. In this article, we presented three representative examples of SERS substrates that are highly robust and achieve high EFs for both SERS and TERS. These include substrates prepared by bottom-up methods, namely silica-coated clusters of gold nanoparticles, and topdown fabricated INRA substrates and TERS tips. With the vast developmental history of SERS substrates, we consider that SERS substrates have been well optimized, and future efforts should mainly address characterization of the platforms and the development of new SERS quantitation-driven sensing applications or SERS-augmented scientifi c techniques, such as surface enhanced-femtosecond stimulated Raman spectroscopy. (111) with the tip retracted from the surface (red spectrum), the tip engaged at the Ag (111) surface (blue spectrum), and the difference spectrum (engaged -retracted; green spectrum) compared to the surface-enhanced Raman spectrum of copper phthalocyanine on a AgINRA (purple spectrum). Spectra are normalized with respect to accumulation time and power and presented in units of analog to digital units (ADU) per mW per second.* indicates peaks arising from the sapphire windows on the UHV system. Adapted with permission from Reference 89. © 2012 American Chemical Society.
